The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. Abstract: Population growth and economic development have impacted the capacity of water resources to meet demands in a number of arid countries. This study focuses on the United Arab Emirates (UAE) where low rainfall, high rate of growth and agricultural development are resulting in a dramatic depletion of groundwater resources and an increased dependence on desalination. A water budget for the region was developed. It represents the variations in groundwater storage as a balance of total precipitation, desalinated water and evapotranspiration. The components of the water budget are obtained from ground observations, documented information, models and remote sensing data, using Gravity Recovery and Climate Experiment (GRACE) satellites to estimate changes in groundwater storage and Tropical Rainfall Measuring Mission (TRMM) satellites and Global Land Data Assimilation System (GLDAS) data to obtain precipitation and soil moisture respectively. Results show a negative trend of 0.5 cm/year in groundwater levels corresponding to an average decrease of 0.86 km 3 /year during the study period (2003 to 2012). This negative trend indicates that the aquifers are not being recharged fast enough to compensate for human withdrawals. Most of the precipitation was found to be lost through evapotranspiration. A discussion of the current water budget components is presented and propositions are made for a sustainable use of water resources in the UAE, including a more efficient use of recycled water. This analysis is applicable to other Gulf countries and it can help to determine the optimal allocation of water resources to optimize agricultural productivity.
Introduction
Water scarcity in arid regions like the Middle East represents a serious issue. Understanding and predicting the possible impacts of climate change, economic development, population growth and land management is crucial to find the appropriate adaptation strategies to achieve water security in these regions [1] .
Gulf Cooperation Council (GCC) countries, located in one of the most water-scarce areas, have undergone significant demographic and economic growth in the last 50 years thanks to the emergence of the oil industry. The combination of these factors has dramatically contributed to increasing the pressure on the region's water resources, challenging governments to find more efficient ways to supply water and manage natural resources that can aid in sustainable development and improved water security [2] . Groundwater is being depleted dramatically in some of these areas, compromising future water supplies in several countries [3] . Despite this fact, very few studies have been conducted in the region to assess water resources. Voss et al. [4] revealed a decreasing trend in the water storage in the north-central Middle East using Gravity Recovery and Climate Experiment (GRACE) satellite data, groundwater depletion being the major contribution to this. On the other hand, human withdrawals have been identified as an important factor in groundwater depletion in some of these areas [5] .
This study is focused on the United Arab Emirates (UAE; Figure 1 ), where current conditions of population growth and rapid economic development are resulting in a dramatic depletion of its groundwater resources and a high dependence on desalination [6] . These factors, in combination with the development of agriculture are the main drivers of water demand in the UAE. Currently, the water supply is obtained from three different sources: groundwater, desalinated water and recycled water. Groundwater accounts for 51% of the total supplies and is mostly used for irrigation purposes (agriculture, forestry, and landscaping). Desalinated water represents 37% of the total water supply, and is mainly used for domestic consumption (96%). The remaining 12% is recycled water and is entirely used for landscaping irrigation [6] .
In a country where groundwater is being heavily extracted and precipitation is scarce, it is not possible to rely on the natural recharge of the aquifers to sustainably meet the demand for water. Only 3% of the existing groundwater in the country is fresh, located in some areas in the south and in the region near the border with Oman. From the remaining 97% of the total groundwater available, 33% is slightly brackish (salinity range 1500-5000 ppm of TDS (total dissolved solids) that can be used selectively on a moderately restricted range of plants), 25% is brackish (salinity range 5001-10,000 ppm of TDS usable on a very restricted range of plants) and 39% is saline (above 10,000 ppm of TDS only usable via desalination) [6] . Most of this fresh and brackish groundwater is being used for irrigation, raising the question of the sustainability of agriculture based on the depletion of groundwater resources. Therefore, with 64% of the groundwater being brackish or saline, an increasing population, and with one of the highest water consumption rates per capita in the world (500 L/day according to the Federal Electricity and Water Authority (FEWA)), the UAE became strongly dependent on desalination. However, the main challenges of desalination are its high cost, its important contribution to greenhouse gases and other air pollutant emissions and the environmental impact of the brine in the Gulf marine ecosystems [7] . According to the water conservation strategy of the UAE Ministry of Environment and Water [6] , the UAE has more than 70 desalination plants with a total desalination capacity of 1700 Mm 3 per year. Most of these plants are distributed along the coast of the country or on islands to access seawater. However some of them are also located inland to access brackish groundwater. The production rate of desalinated water has been increasing since 1990 following a similar trend to electricity generation caused by the combined cycle plants used for electricity and water production. Due to the increase in population and to economic development, an increase in desalinated water production of 93% has been observed between 2003 and 2008, two thirds of the total amount of water produced being in the Emirate of Abu Dhabi [6] .
Long term planning of water related activities requires a good understanding of the various components of the water budget. However, data access is severely limited in some areas of the country and observational data is not always available. Therefore, developing a water budget becomes challenging. In these cases, remote sensing is a particularly useful technique to estimate some of the components of the water balance.
Groundwater storage change is estimated using the measurements of terrestrial water storage provided by Gravity Recovery and Climate Experiment (GRACE) satellites. GRACE has been widely used to estimate water storage and there has been a special interest in determining its resolution and accuracy. A substantial number of studies have aimed to address the problem for a long time [8] [9] [10] [11] [12] [13] [14] [15] , analyzing and comparing GRACE measurements with different models and observations. Conclusions to date indicate that resolution depends on the size of the region, performing well on areas ≥200,000 km 2 , and on the magnitude of the variations in the storage that need to be of at least a few millimeters [9, 10] . More recently, new algorithms and post-processing methods have been developed. Landerer and Swenson [16] , provided gridded fields of scaled GRACE measurements and errors allowing hydrologists to easily estimate the associated uncertainty depending on the size of the study region. These scaled measurements and gridded errors have been used in the current study.
Additionally, a number of studies have been conducted using the water budget and remote sensing data to estimate different hydrologic components. Rodell et al. [17] , used the water budget to compare the results of evapotranspiration obtained using GRACE data for the terrestrial water storage with the results using two other land-surface models. They concluded that evapotranspiration with GRACE compares favorably with the results from the other two methods. Yeh et al. [18] , Yeh et al. [19] , and Rodell et al. [20] , also applied this method with reasonable success over Illinois and the Mississippi river basin using in situ observations, GRACE and Global Land Data Assimilation System (GLDAS) data to estimate the different components of the water budget. GRACE data in combination with GLDAS and ground observations, has also been useful to detect and quantify major droughts in Brazil [21] demonstrating that large-scale extreme droughts can be detected by GRACE.
A water budget approach was also used in [22] in combination with GLDAS to calculate the water storage change in the Upper Reach of the Yellow River. These results have been compared with GRACE data showing similarities in the long term trend and seasonal peaks, but more differences in the inter-annual variations. Crowley et al. [23] , combined GRACE and precipitation data sets to explore the relative contributions of the source term to the seasonal hydrological balance within the Congo Basin. On the other hand, a number of studies which focused on analyzing the balance of the water budget, reported difficulties to close the budget equation due to uncertainties in the variables. Wang et al. [24] compared the monthly total water storage change obtained from GRACE and from the water budget equation for 16 drainage basins in Canada. A monthly water imbalance of 5.4 mm/month to 21 mm/month was found. Uncertainties in all variables of the water budget equation seemed to contribute to this imbalance, especially precipitation [24, 25] . A similar study was conducted in Sheffield et al. [26] comparing the remote sensing data of the water budget variables with observations and models, and on the other hand, the streamflow obtained from the water budget equation and ground measurements. The results showed a water imbalance where the total uncertainty of the streamflow was larger than the measured values.
The objectives of this study are to establish a water budget for the UAE and analyze each component of the water budget and their interactions. Due to the lack of extraction data in the region, special focus will be put on estimating the groundwater storage which helps to assess the impacts of groundwater extractions and irrigation practices.
Materials and Methods

Study Region
The study region covers the area of the UAE located between 51 • 30 00 E to 57 • 30 00 E and 22 • 30 00 N to 26 • 30 00 N ( Figure 1 ). Masks were applied to the data to cover only the land part of the country resulting in a total area of 172,494 km 2 . The UAE is located in the eastern corner of the Arabian Peninsula surrounded by the Arabian Gulf in the north, the dessert of Saudi Arabia in the south and the mountains on the border with Oman in the East.
The climate in the UAE is arid, characterized by low rainfall (mean annual rainfall of 78 mm) and very high temperatures especially during the summer. The coastal temperature reaches 46 • with 100% humidity during the summer while during the winter the temperature ranges between 14 • and 23 • . The climate of the interior regions is more extreme with temperatures reaching 50 • during the summer and 4 • during the winter [27] . Arid and semiarid climates are characterized by a strongly intermittent hydrologic regime. The high variability in precipitation and temperature over the UAE in relation to large-scale forcings were studied by [28] [29] [30] . Ouarda et al. [31] , studied the historic evolution of the rainfall in the UAE, finding an overall decreasing trend in the annual and monthly time series. A good understanding for how precipitation will evolve in the future is important in the development of sustainable water resources management plans in the country. Ghouse et al. [32] , performed a forecasting study of the evolution of temperature and precipitation in the next 30 years. The predictions indicated a significant increase in temperature and an overall decrease in precipitation patterns over the UAE.
Methodology
The lack of a well-structured groundwater monitoring network in the UAE requires the use of other techniques to assess the evolution of groundwater resources. The same applies to precipitation, where only a few ground stations, not uniformly distributed, are available for rainfall measurements. Satellite based measurements provide means to estimate variables that would be difficult to obtain by other methods such as direct observations.
A water budget approach integrating remote sensing data, models and observational data is useful to study the interactions of the different water components in the UAE. The first step in this process is to determine groundwater variations obtained from the total water change. Groundwater and soil moisture are the main contributors to the water storage in the UAE. Therefore, to estimate groundwater variations, the soil moisture contribution should be subtracted, as in:
where GW represents groundwater, Sw water storage and SM soil moisture. The increments (∆) represent the difference between the measurements of two consecutive months. The water storage term is estimated using GRACE satellite data which provides measurements of the water thickness as a result of changes in Earth's gravity field [33] . However, in countries with significant extractions of oil like the UAE, this contribution should be subtracted from GRACE measurements to retain the contribution of changes in water only from the gravity field.
A slightly different approach that serves the study objectives better has been selected to substitute Equation (1) . The terms of this equation will be expressed as anomalies of the different components instead of increments. These anomalies are calculated as the deviations for each month relative to a baseline average over January 2004 to December 2009 to be uniform with how GRACE data is provided. All variables are spatially averaged over the area of the UAE.
Therefore, from Equation (1) expressed as anomalies (*): Arid and semiarid climates are characterized by a strongly intermittent hydrologic regime. The high variability in precipitation and temperature over the UAE in relation to large-scale forcings were studied by [28] [29] [30] . Ouarda et al. [31] , studied the historic evolution of the rainfall in the UAE, finding an overall decreasing trend in the annual and monthly time series. A good understanding for how precipitation will evolve in the future is important in the development of sustainable water resources management plans in the country. Ghouse et al. [32] , performed a forecasting study of the evolution of temperature and precipitation in the next 30 years. The predictions indicated a significant increase in temperature and an overall decrease in precipitation patterns over the UAE.
A slightly different approach that serves the study objectives better has been selected to substitute Equation (1) . The terms of this equation will be expressed as anomalies of the different components instead of increments. These anomalies are calculated as the deviations for each month relative to a baseline average over January 2004 to December 2009 to be uniform with how GRACE data is provided. All variables are spatially averaged over the area of the UAE. Therefore, from Equation (1) expressed as anomalies (*):
where GW represents groundwater storage, TWS is the terrestrial water storage obtained from GRACE, So is the oil-water equivalent extractions from observational data and SM is the soil moisture obtained from GLDAS-NOAH (Global Land Data Assimilation System-National Centers for Environmental Prediction/Oregon State University/Air Force/Hydrologic Research Lab). The term TWS − So* represents the water storage anomalies from GRACE after removing the oil contribution. After estimating the groundwater component, the second step focuses on the water budget equation itself. All water inputs are introduced in the equation and the evapotranspiration is estimated from it. The water budget equation is expressed as:
where P is precipitation derived from Tropical Rainfall Measuring Mission (TRMM) data, D is desalinated water obtained from observational data, ET is evapotranspiration and ∆Sw is the increment of water storage. All main wadis in the UAE are dammed. The objectives of these dams are to protect against floods and harvest precipitation to assist the recharge of groundwater [34] . The number of dams in the year 2005 was 114 with a total capacity of 114 million m 3 [35] , and in 2015 the number of dams was 130 with a total capacity of 120 million m 3 [36] . Surface runoff and groundwater flow have not been considered in the water budget equation since cross-border surface runoff and groundwater flow with Oman are marginal, while they are null with Saudi Arabia [6] .
The increment of water storage (∆Sw) is the difference between two consecutive months and is expressed as:
All terms in Equation (4) are expressed as the difference between measurements of two consecutive months; TWSC (terrestrial water storage change from GRACE) between two TWS measurements and ∆So (increment in oil-water equivalent) between two oil-water equivalent measurements.
Data
Terrestrial Water Storage
The Gravity Recovery and Climate Experiment (GRACE) satellites were launched in March 2002 as a result of the collaboration between the US National Aeronautics and Space Administration (NASA) and the German Aerospace Center (Deutsches Zentrum für Luft und Raumfahrt, DLR). The mission consists of two twin satellites following identical circular polar orbits around the Earth of 500 km of altitude and a separation of 220 km between them. The variations in the earth's gravity field, caused by the different distribution of mass on the earth's surface, induce small perturbations in the distance between both satellites. These perturbations are measured using a GPS and a microwave sensing system providing spatial-temporal Earth's gravity field maps. Earth's mass variations, reflected as changes in the gravity field, are mainly caused by changes in water [37] . However, as mentioned before, in cases where oil extractions are significant, this effect should also be taken into account in the interpretations of GRACE gravity measurements.
GRACE data is processed by three different centers, the Geoforschungs Zentrum Potsdam (GFZ), the Center for Space Research at University of Texas (CSR) and the Jet Propulsion Laboratory (JPL) providing three different products to the final users (Jet Propulsion Laboratory, 2014b). The three solutions are very similar and the difference lies within the errors of GRACE. However, in this study, the mean of the three solutions has been used based on a previous study [38] that showed that the mean reduces the noise of the signals significantly.
Different data levels are provided by GRACE processing centers. In this study, the data used (GRACETellus (RL05.DSTvSCS1409) for GFZ and CSR; (RL05.DSTvSCS1411) for JPL [39] ) is level 3 data that provides monthly measurements of equivalent water height ("TWS") in a gridded format of 1 • × 1 • from 2002 to 2014. GRACE data does not provide absolute values but the deviations for each month relative to a time-mean baseline over January 2004 to December 2009 [40] .
GRACE observations require a post-processing [16, 41] . Atmospheric and oceanic effects are first removed from the satellite signal and a filtering process is applied subsequently to obtain the final values of TWS. This filtering process improves the signal degradation produced by the measurement errors and noise. However, these filters also affect the signal itself producing a signal loss and leakage errors. Two filters were applied to the GRACE data in this study [16] . The first one is a Gaussian averaging filter applied to minimize the random errors related to the increasing spectral degrees of the spherical harmonics in the signal. This filter produces a smoothening effect but reduces the spatial resolution of GRACE measurements. The second filter applied is designed to remove the systematic errors produced by correlations between certain spherical harmonics [41] . The attenuation and leakage produced by the filters is quantified by comparing with a synthetic TWS dataset extracted from GLDAS NOAH after applying both filters. With these inputs, gain factors are calculated and applied to the gridded TWS to restore part of the signal lost and decrease the leakage error [16, 40] . The gain factors (or scale factors) are expressed as a 1 • × 1 • grid of coefficients that will be multiplied by the TWS grid to obtain the true TWS values. These scale factors are provided along with GRACE level 3 data.
A 1 • × 1 • mask was applied to cover only the area of interest resulting in a grid of 14 pixels [40] . GRACE observations require a post-processing [16, 41] . Atmospheric and oceanic effects are first removed from the satellite signal and a filtering process is applied subsequently to obtain the final values of TWS. This filtering process improves the signal degradation produced by the measurement errors and noise. However, these filters also affect the signal itself producing a signal loss and leakage errors. Two filters were applied to the GRACE data in this study [16] . The first one is a Gaussian averaging filter applied to minimize the random errors related to the increasing spectral degrees of the spherical harmonics in the signal. This filter produces a smoothening effect but reduces the spatial resolution of GRACE measurements. The second filter applied is designed to remove the systematic errors produced by correlations between certain spherical harmonics [41] . The attenuation and leakage produced by the filters is quantified by comparing with a synthetic TWS dataset extracted from GLDAS NOAH after applying both filters. With these inputs, gain factors are calculated and applied to the gridded TWS to restore part of the signal lost and decrease the leakage error [16, 40] . The gain factors (or scale factors) are expressed as a 1° × 1° grid of coefficients that will be multiplied by the TWS grid to obtain the true TWS values. These scale factors are provided along with GRACE level 3 data.
A 1° × 1° mask was applied to cover only the area of interest resulting in a grid of 14 pixels of 1° × 1° (Figure 2 ). 
Precipitation
Due to the lack of a dense network of meteorological stations in the UAE (information is available for only six stations located in the northern part of the country), the Tropical Rainfall Measuring Mission (TRMM) was selected for precipitation data. TRMM is a joint space mission between NASA and the Japan Aerospace Exploration Agency (JAXA) designed to monitor and study tropical rainfall [42] .
TRMM has been widely and successfully used to obtain precipitation measurements and missing values in gauged locations. Gu et al. [43] compared TRMM rainfall estimates with precipitation gauge observations in the Yangtze River basin showing good agreement at daily and monthly time scales reflecting also the seasonal variability over the river basin. A similar comparison study has been performed in Collischonn et al. [44] proving the suitability of TRMM data to identify damaged rain gauges or as a good alternative to interpolation of gauge data.
The data used in this study is the 3B42 derived dataset from version 7 of TRMM [45] that provides daily values of rainfall from January 1998 to August 2013 with a near-global (50° S-50° N) 
The data used in this study is the 3B42 derived dataset from version 7 of TRMM [45] 
Soil Moisture
Global Land Data Assimilation System (GLDAS) is a global, offline and high resolution terrestrial modeling system that integrates observation based data from different sources to produce optimal fields of land surface states and fluxes in real time. GLDAS has been developed jointly by NASA and the National Oceanic and Atmospheric Administration (NOAA) and it uses a new generation of ground based and satellite observations to constrain the land surface states obtained by different models. Observations can be very accurate in discrete points but they have disadvantages such as instrument failures, measurement interruptions, spatial resolution etc. On the other hand, models present limits due to oversimplifications or not correct representation of some mechanisms of the real world. However, they integrate all the knowledge existing of physical processes and are able to perform as many calculations as necessary. Data assimilation combines measurements with models maximizing the spatial and temporal resolution and improving the consistency and accuracy [46] .
During the last 20 years, several land surface models have been developed. Currently, GLDAS drives four models: Community Land Model (CLM), Mosaic, Noah and Variable Infiltration Capacity model (VIC). The forcing data set used in the models combines multiple data sets from January 1979 to the present; these include atmospheric forcing and land surface datasets from many different sources [47] . GLDAS executes globally at 1° and 0.25° spatial resolutions and 3-hourly temporal resolution. However, monthly products are also available from temporal averages of the 3-hourly products [48] . The same mask as the one applied to GRACE data is applied to GLDAS data.
The model selected for this study is the monthly 1° × 1° NOAH dataset [45] . This dataset includes monthly data from 1998 to 2010 and provides four layers of soil moisture: 0-0. 
Desalinated and Recycled Water
Desalinated water is the principal source of potable water in the country, mainly used for domestic and industrial purposes (81%), while other uses like agriculture (6%) or amenities and landscaping (5%) account for the rest, leaving the remaining 8% as losses in the network [6] (Figure  4) . The yearly amount of desalinated water produced was obtained from the UAE Ministry of Environment and Water. Figures 5 and 6 show the monthly and yearly desalinated water production in the UAE. 
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Desalinated and Recycled Water
Desalinated water is the principal source of potable water in the country, mainly used for domestic and industrial purposes (81%), while other uses like agriculture (6%) or amenities and landscaping (5%) account for the rest, leaving the remaining 8% as losses in the network [6] (Figure 4) . The yearly amount of desalinated water produced was obtained from the UAE Ministry of Environment and Water. Figures 5 and 6 show the monthly and yearly desalinated water production in the UAE. Recycled water is only used in amenities and landscaping and is produced from the wastewater derived from industries and households. It is difficult to account for the wastewater proceeding from the industries since many times it does not return to the sewer being processed inside and reused for cooling or other secondary purposes. Currently, it is considered that most of the wastewater collected for recycling (94%) comes from households. However, not all the wastewater produced by households returns to the sewer system since not all is actually used for domestic purposes. A big Recycled water is only used in amenities and landscaping and is produced from the wastewater derived from industries and households. It is difficult to account for the wastewater proceeding from the industries since many times it does not return to the sewer being processed inside and reused for cooling or other secondary purposes. Currently, it is considered that most of the wastewater collected for recycling (94%) comes from households. However, not all the wastewater produced by households returns to the sewer system since not all is actually used for domestic purposes. A big Recycled water is only used in amenities and landscaping and is produced from the wastewater derived from industries and households. It is difficult to account for the wastewater proceeding from the industries since many times it does not return to the sewer being processed inside and reused for cooling or other secondary purposes. Currently, it is considered that most of the wastewater collected for recycling (94%) comes from households. However, not all the wastewater produced by households returns to the sewer system since not all is actually used for domestic purposes. A big Recycled water is only used in amenities and landscaping and is produced from the wastewater derived from industries and households. It is difficult to account for the wastewater proceeding from the industries since many times it does not return to the sewer being processed inside and reused for cooling or other secondary purposes. Currently, it is considered that most of the wastewater collected for recycling (94%) comes from households. However, not all the wastewater produced by households returns to the sewer system since not all is actually used for domestic purposes. A big amount of water is used in gardens, landscaping or washing cars, which is eventually lost by evaporation. On top of this, it needs to be considered that villas and apartment blocks consume different amount of water and that currently 77% of the population is served by a centralized wastewater collection system.
There is an important lack of data concerning the precise amount of water obtained by recycling and many aspects need to be considered. After accounting for all the facts mentioned previously and taking into account the water treatment plant losses, it has been estimated that 37% of the water used in households is actually available for recycling. A last point to be considered is that not all the recycled water is actually used; one third is disposed in the desert or into the Gulf leaving the final percentage of recycled water used in landscaping as 20% of the total desalinated water. Figure 7 shows the breakdown of desalinated and recycled water. It is difficult to isolate the contribution of desalinated water that rigorously enters the study area. However, it is possible to say that the amount of water that, in one way or another does not end in the land points, such as drinking water lost by transpiration or recycled water discharged in the gulf, is relatively small compared to the other components. Therefore, in this study, all the desalinated water produced is considered as input in the water budget. amount of water is used in gardens, landscaping or washing cars, which is eventually lost by evaporation. On top of this, it needs to be considered that villas and apartment blocks consume different amount of water and that currently 77% of the population is served by a centralized wastewater collection system. There is an important lack of data concerning the precise amount of water obtained by recycling and many aspects need to be considered. After accounting for all the facts mentioned previously and taking into account the water treatment plant losses, it has been estimated that 37% of the water used in households is actually available for recycling. A last point to be considered is that not all the recycled water is actually used; one third is disposed in the desert or into the Gulf leaving the final percentage of recycled water used in landscaping as 20% of the total desalinated water. Figure 7 shows the breakdown of desalinated and recycled water. It is difficult to isolate the contribution of desalinated water that rigorously enters the study area. However, it is possible to say that the amount of water that, in one way or another does not end in the land points, such as drinking water lost by transpiration or recycled water discharged in the gulf, is relatively small compared to the other components. Therefore, in this study, all the desalinated water produced is considered as input in the water budget. 
Oil
Oil production in the UAE has experienced a general increase since 1984 [49] , becoming one of the major oil producers and exporters in the world. The majority of oil (approximately 95%) is produced in Abu Dhabi, both onshore and offshore. For this study, oil production data was obtained from the US Energy Information administration [50] and from the Abu Dhabi Company for Onshore Oil Operations (ADCO) which represents 50% of the UAE's crude oil production. Offshore production does not occur in the cells (land areas) of our region of interest, therefore it is not taken into account in the mass change. To be consistent with the other terms of the equation, oil extractions are transformed to equivalent water before being introduced in the water budget. The anomalies are calculated in the same way as it was done for the rest of the components.
Gas extractions have not been taken into account in this study. The UAE is a major consumer of natural gas, 80% of the country's power is generated from gas used to feed power and desalination plants, while the rest comes from oil. However, the majority of the gas produced in the UAE is used for reinjection into oilfields to maintain wellhead pressure [51] . The natural gas extracted and reinjected does not produce any change in the mass in the study area, and therefore, is not taken into account as a contributor to the gravity anomalies of GRACE.
Results
The first objective of this study was to determine the change in groundwater storage using 
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Gas extractions have not been taken into account in this study. The UAE is a major consumer of natural gas, 80% of the country's power is generated from gas used to feed power and desalination plants, while the rest comes from oil. However, the majority of the gas produced in the UAE is used for reinjection into oilfields to maintain wellhead pressure [51] . The natural gas extracted and re-injected does not produce any change in the mass in the study area, and therefore, is not taken into account as a contributor to the gravity anomalies of GRACE.
Results
The first objective of this study was to determine the change in groundwater storage using Equation (2) .
The time series in Figure 8 shows the monthly measurements of the spatially averaged TWS obtained from GRACE during the period 2003 to 2012. The data has been fitted by a linear trend line that shows a clear decrease in the area of study caused by the combined effect of mass change in oil and water. These results compare favorably with the negative trends in TWS from a similar study performed over western Iran and eastern Iraq [5] . The time series in Figure 8 shows the monthly measurements of the spatially averaged TWS obtained from GRACE during the period 2003 to 2012. The data has been fitted by a linear trend line that shows a clear decrease in the area of study caused by the combined effect of mass change in oil and water. These results compare favorably with the negative trends in TWS from a similar study performed over western Iran and eastern Iraq [5] . The four layers of soil moisture provided by GLDAS NOAH are depicted in Figure 9 along with the combined graph of the four layers. The effect of precipitation is clearly reflected in the first layer and a net positive trend in the combination of the layers is observed. The four layers of soil moisture provided by GLDAS NOAH are depicted in Figure 9 along with the combined graph of the four layers. The effect of precipitation is clearly reflected in the first layer and a net positive trend in the combination of the layers is observed. The time series in Figure 8 shows the monthly measurements of the spatially averaged TWS obtained from GRACE during the period 2003 to 2012. The data has been fitted by a linear trend line that shows a clear decrease in the area of study caused by the combined effect of mass change in oil and water. These results compare favorably with the negative trends in TWS from a similar study performed over western Iran and eastern Iraq [5] . The four layers of soil moisture provided by GLDAS NOAH are depicted in Figure 9 along with the combined graph of the four layers. The effect of precipitation is clearly reflected in the first layer and a net positive trend in the combination of the layers is observed. The oil extractions time series expressed as anomalies of equivalent water height is shown in Figure 10 . A general increasing trend is observed, however, the values obtained are relatively small compared with the other components in Equation (2). Terrestrial water storage from GRACE, soil moisture from GLDAS and oil extractions from observational data are introduced in Equation (2) to obtain the groundwater anomalies shown in Figure 11 . Oil anomalies and TWS include 10 years of data from 2003 to 2012. However, due to the limitation imposed by the soil moisture data, the groundwater time series includes only 8 years, from 2003 to 2010. As seen in Figure 10 , the oil effect is very small compared to the change in water not affecting significantly in the estimation of groundwater. After subtracting the soil moisture component, the groundwater time series shows a decreasing trend of 0.5 cm/year with a deviation around the mean of 0.63 cm/year for the study region. This decrease corresponds to an average extraction of 0.86 km 3 /year and a deviation of 1.09 km 3 /year for the 8 years of the study period, with some years showing a steeper decrease than others. Figure 12 illustrates the yearly groundwater The oil extractions time series expressed as anomalies of equivalent water height is shown in Figure 10 . A general increasing trend is observed, however, the values obtained are relatively small compared with the other components in Equation (2) . The oil extractions time series expressed as anomalies of equivalent water height is shown in Figure 10 . A general increasing trend is observed, however, the values obtained are relatively small compared with the other components in Equation (2). Terrestrial water storage from GRACE, soil moisture from GLDAS and oil extractions from observational data are introduced in Equation (2) to obtain the groundwater anomalies shown in Figure 11 . Oil anomalies and TWS include 10 years of data from 2003 to 2012. However, due to the limitation imposed by the soil moisture data, the groundwater time series includes only 8 years, from 2003 to 2010. As seen in Figure 10 , the oil effect is very small compared to the change in water not affecting significantly in the estimation of groundwater. After subtracting the soil moisture component, the groundwater time series shows a decreasing trend of 0.5 cm/year with a deviation around the mean of 0.63 cm/year for the study region. This decrease corresponds to an average extraction of 0.86 km 3 /year and a deviation of 1.09 km 3 /year for the 8 years of the study period, with some years showing a steeper decrease than others. Figure 12 illustrates the yearly groundwater Terrestrial water storage from GRACE, soil moisture from GLDAS and oil extractions from observational data are introduced in Equation (2) to obtain the groundwater anomalies shown in Figure 11 . Oil anomalies and TWS include 10 years of data from 2003 to 2012. However, due to the limitation imposed by the soil moisture data, the groundwater time series includes only 8 years, from 2003 to 2010. As seen in Figure 10 , the oil effect is very small compared to the change in water not affecting significantly in the estimation of groundwater. After subtracting the soil moisture component, the groundwater time series shows a decreasing trend of 0.5 cm/year with a deviation around the mean of 0.63 cm/year for the study region. This decrease corresponds to an average extraction of 0.86 km 3 /year and a deviation of 1.09 km 3 /year for the 8 years of the study period, with some years showing a steeper decrease than others. Figure 12 illustrates the yearly groundwater anomalies for the UAE. This result can be explained as a consequence of the withdrawals of water from aquifers mainly used for irrigation.
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Discussion
The purpose of the current study was to assess the components of the water budget and gain a better understanding of the availability of water resources in the UAE. Groundwater storage change was estimated from GRACE data by subtracting the oil as water equivalent and soil moisture contributions. On the one hand, it was found that oil extractions represent a very small fraction of the mass change reflected in GRACE gravity anomalies, with most of the water storage change as a combination of groundwater and soil moisture. On the other hand, groundwater storage showed a clear decreasing trend indicating that the aquifers are not being recharged fast enough to compensate for the human withdrawals for agriculture, causing the depletion of groundwater resources.
The water budget equation was used to estimate evapotranspiration. Precipitation, desalinated water and increment of water storage represent the inputs of the water balance. Precipitation is scarce in the region and the results reveal similarities with the pattern followed by evapotranspiration. These findings suggest that most of the rain water in the UAE is lost through evapotranspiration, also supporting the fact that the aquifers are not being significantly recharged by rainfall. The depletion of groundwater resources caused by irrigation will require new policies to decrease the amount of water pumped out from the aquifers.
It has been observed that desalination has been increasing every year, yet, up to now, the amount of desalinated water is smaller than the water received from rainfall in the country. However, if the current increasing trend continues in the future, the results obtained show that desalination may become equally important in terms of amount of water or even more significant than precipitation. Furthermore, if desalinated water is increasingly used in irrigation, we presume that desalination will increase, becoming the most important water source in the country. In that case, besides the increase in the already extremely high cost of desalination, special efforts will be needed from the government to mitigate the negative impacts of the brine disposed in the gulf on the ecosystems. An increase in desalination may also result in more oil consumption unless other energy options such as nuclear or renewables are developed to cover the extra energy demand. An alternative option would be investing less in agriculture and increasing imports, although this would raise concerns about food security which would need to be addressed accordingly.
Recycled water is currently used for landscaping and municipal purposes only. On top of this, one third of this resource is disposed in the desert or the gulf due to the lack of storage infrastructure. Recycled water should be used more efficiently and new efforts should be put in expanding its use to agriculture irrigation for instance.
This study has provided an enhanced understanding of the water budget components in the UAE and may serve as a base for future studies in the region. However, it has also raised a few questions in need of further investigation.
Groundwater in the UAE represents 51% of the total water used and a decrease in the groundwater levels has been continuously reported by the agricultural sector. However there has not been scientific evidence to support this fact until now. At first glance, the decrease in groundwater does not seem to be in accordance in terms of magnitude with the intensive withdrawals of groundwater for agriculture. However, it should be pointed out that most of the withdrawals are made in the fresh and slightly brackish water aquifers that represent only around 30% of the total existing groundwater [6] . These aquifers are located in certain areas in the mountainous region at the border with Oman and Liwa in the south. Due to the spatially averaged nature of GRACE measurements used in this study, the water storage decrease is distributed in the whole area of the UAE while the actual withdrawals appear to only take place in small regions. Therefore, it can be presumed that the groundwater depletion rate would be much higher if we focused our study in these areas. However, GRACE presents limitations in terms of accuracy depending on the extension of the area of study, implying that the analysis in these small regions would not likely provide accurate results. GRACE can provide a first estimation of the depletion of the groundwater resources; however, further studies using other techniques should be performed in targeted areas of the aquifers to obtain a better estimation of the groundwater depletion.
Secondly, in this study, only the land area has been taken into account. Nevertheless, groundwater exchange from the ocean towards inland or vice versa may happen. This may be especially relevant in the UAE where a big part of the water in the aquifers is saline or slightly saline [6] . A similar case can be observed in the mountainous region in the border with Oman where precipitation is expected to be higher and some water transfers may happen between the two countries. Further research might investigate new ways of modeling these water inputs and outputs and how to account them in the water budget.
Another point that would need to be further assessed is the effect of the scale factors in GRACE measurements in the region. The scale factors are calculated based on the signal attenuation obtained from the comparison with GLDAS-NOAH model. However, some processes such as the ones produced by human interactions (e.g., groundwater extractions) are not represented by the model [16] . In the case of the UAE, groundwater extractions are the main driver of groundwater variations, therefore, in such cases, a further analysis would be required regarding the possible signal loss. The current research was not intended to cover an evaluation of the accuracy of GRACE gain factors, however, more specific studies could focus on obtaining a better approximation of the gain factors for the UAE or other desert regions where groundwater extractions are significant.
In this study, oil contribution has been removed from GRACE mass changes. However, the current research was limited by the public availability of data regarding natural gas extractions and its uses. Although a first approximation indicates that gas extractions in the UAE do not represent an important contribution to GRACE measurements, further work could be done to establish more accurately if it actually represents a significant output of mass.
